It is one of the important events that trophoblast cells within the placental folds differentiate into two types that differ in cell shape during placental development in pigs. This study showed that all the trophoblast cells were of similar shape between Yorkshire and Chinese Meishan pigs on day 26 of gestation; thereafter, the trophoblast cells located at the top of the placental folds became high columnar, while those cells at the base of the placental folds were cuboidal on day 50 of gestation. Additionally, on day 95 of gestation, all the trophoblast cells in Meishan pigs became cuboidal, but the trophoblast cells located at the top of the placental folds in Yorkshire pigs still remained columnar. The membranous E-cadherin and β-catenin were strongly co-expressed by the high columnar trophoblast cells but very weakly expressed by those cuboidal cells. Consistently, the expression pattern of ZEB2, the E-cadherin repressor, was inversely correlated with that of E-cadherin in the two types of trophoblast cells in the two breeds. Furthermore, electrophoretic mobility shift assays demonstrated the binding of ZEB2 to the E-cadherin promoter in nuclear extracts from porcine placental tissue. These findings suggest a ZEB2-dependent mechanism of trophoblast cell differentiation during placental development in pigs.
Introduction
In mammals, the placenta is of dominant importance for the intrauterine development and growth of the fetus throughout the whole pregnancy. The establishment of a firm contact between conceptus and mother can enable the efficient exchange of substances between the maternal and fetal blood vessels. Placentation begins with implantation which includes specialized cell migration and adhesion, leading to attachment of conceptus trophoblast to the maternal uterine luminal epithelium (Song et al. 2010) . In order to increase placental efficiency, placental and endometrial tissues undergo remodeling to reduce the distance and increase the maternal-fetal interacting surface area as gestation advances. This occurs in all mammals regardless of the types of placentas (Enders & Carter 2004 , Song et al. 2010 . In pigs, placental dysfunction can result in fetal loss during gestation and depression in piglet birth weight which is a primary factor associated with pre-weaning mortality (Tuchscherer et al. 2000 , Mesa et al. 2006 , Vallet et al. 2014 . Thus, it is necessary to understand how the placenta functions and what factors influence placental efficiency.
Pigs have a diffuse, epitheliochorial type of placenta (Leiser et al. 1998) . The trophoblast epithelial layer starts to attach to the maternal endometrial epithelial layer (uterine luminal epithelium) to form the epithelial bilayer around days 15-20 of gestation. The non-invasive epitheliochorial placenta is established around days 26-30 of gestation (Dantzer 1985 , Leiser et al. 1998 . Thereafter, the pig placenta undergoes remodeling to maximize the placental efficiency as gestation advances by: (1) increasing the maternal-fetal exchange area through the development of placental folds (Vallet & Freking 2007 , Miles et al. 2009 ); (2) reducing the distance between maternal and fetal capillaries (Friess et al. 1980 , Leiser & Dantzer 1988 , Vallet et al. 2013 and (3) enhancing the nutrient-specific transport (Raub et al. 1985 , Kim & Vallet 2007 , Hong et al. 2016 . In addition, previous research revealed that during gestation, the trophoblast cells within the placental folds differentiate into two types of cells which differ in cell shape and are located at the top and base of the placental folds, respectively. Therefore, changes in the morphological features of the trophoblast cells have crucial influence on placental development in pigs. However, the mechanisms involved in changes of the trophoblast cell shape during placental development in pigs remain to be fully elucidated (Miles et al. 2009 , Vallet et al. 2010 , Hong et al. 2014 , Vallet et al. 2014 .
In epithelial tissues, cell-cell adhesion is essential for the maintenance of the epithelial cell morphology and function. E-cadherin acts as a master regulator of epithelial cell adhesion (Hay 1995 , Daikoku et al. 2011 . E-cadherin is a single-span transmembrane, Ca 2+ -dependent cell-adhesion molecule consisting of five extracellular cadherin-binding domains and a conserved intracellular domain that associates with catenins (Takeichi 1995 , Reardon et al. 2012 ). E-cadherinmediated cell-cell adhesion is accomplished through homophilic binding between E-cadherins on the surface of adjacent cells, and the adhesion is stabilized by association with β-catenin which links the cytoplasmic terminal tail of E-cadherin to the actin cytoskeleton (Auersperg et al. 1999 , Leckband & Sivasankar 2012 . Studies have demonstrated that most tumor cells which lose cell-cell adhesion and/or undergo the epithelialmesenchymal transition (EMT) are associated with the decrease or absence of E-cadherin expression (Thiery 2002 , Kokkinos et al. 2010 , Zhang et al. 2016 . Evidence suggests that E-cadherin plays important roles in regulation, differentiation and the EMT of human placental trophoblast cells (Zhou et al. 1997 , Kokkinos et al. 2010 , Du et al. 2016 . ZEB1 (zinc finger E-box binding homeobox 1) and ZEB2 (zinc finger E-box binding homeobox 2) are members of the zinc finger homeobox family. These two transcript factors suppress the E-cadherin expression by binding to E2-boxes in the E-cadherin promoter in several types of epithelial cells (Comijn et al. 2001 , Eger et al. 2005 , Kokkinos et al. 2010 . Although E-cadherin and its regulators are widely considered determinants of epithelial cell differentiation, there is no information concerning their role in trophoblast cell differentiation during pig placental development.
Chinese Meishan pigs are reproductively very prolific (Ford & Youngs 1992 , Youngs et al. 1993 . Our previous study showed that the placental folds during late gestation in Meishan pigs are more complex than those in the less prolific Yorkshire pigs. The increased complexity of placental folds was suggested as a mechanism that enables Meishan pigs to have higher placental efficiency when compared to Yorkshire pigs (Hong et al. 2014) . However, there are little data about morphology and function of trophoblast cells during the placental development in the two breeds. Thus, in the present study, we evaluated: (1) morphological changes of the trophoblast cells in Yorkshire and Meishan pigs during different stages of placental development (day 26 of gestation, initiation stage; day 50 of gestation, establishment stage and day 95 of gestation, late development stage; gestation length for pigs is 114 days) and (2) the role of E-cadherin and its regulator ZEB2 in morphological changes of the trophoblast cells in pigs.
Materials and methods

Animals and tissue collection
All procedures for the collection of samples were approved by the Ethics Committee of Huazhong Agricultural University, P.R. China. Gilts used for this experiment were described by Hong et al. (2013) . Briefly, Chinese Meishan and Yorkshire gilts were checked for estrus twice daily and mated naturally at their second estrous cycle after puberty to boars of their own breed at the onset of estrus (day 0) and again 12 h later. The gilts were killed on days 26, 50 and 95 of gestation (n = 3-4 gilts/breed/day of gestation). The uteri were quickly removed and transported in an icebox to the laboratory where they were opened longitudinally along the anti-mesometrial side. For each gilt, rectangular sections of the fetal/placental units (including myometrium, endometrium, and placenta) located closed to the umbilical cord were collected and fixed immediately in fresh 4% paraformaldehyde in phosphatebuffered saline (PBS; pH: 7.2) for 24 h followed by paraffin embedding (FFPE) for histological examination and immunohistochemistry. The placental tissue for each fetus was collected, snap-frozen in liquid nitrogen and stored at −80°C until protein was extracted.
Histomorphometry
In order to measure and analyze cell morphometric parameters, H&E staining was performed as described by Hong et al. (2013) . Briefly, the paraffin-embedded tissues were sectioned (4-μm thick), placed on SuperfrostPlus slides (Thermo Scientific), processed through a graded series of xylene and ethanol, stained with hematoxylin and eosin and placed under a cover slip. A Nikon 80i light microscope fitted with a Nikon (DS-Fi1) digital camera and the NIS-Elements 3.2 software (Nikon) was used for cell morphometric measurements. For each gilt, 3 uterine/placental units were studied as individual samples.
PAS staining
Periodic acid-Schiff (PAS) stain was performed as the protocol (Wuhan Goodbio Technology Co., Ltd., Wuhan, China). Briefly, sections (4-μm thick) were deparaffinized with xylene and rehydrated in an alcohol gradient, 100% ethanol, 95% ethanol, 90% ethanol, 80% ethanol, 70% ethanol and distilled water. The sections were incubated with periodic acid solution at room temperature for 10 min. After rinsing with distilled water, sections were then incubated with Schiff's reagent at room temperature from light for 10 min. Afterward, sections were counterstained with hematoxylin and mounted. All sections were stained under the same conditions. Images of the PAS staining were taken by an Olympus microscope BX-53 with a digital camera DP26 (Olympus). Photographic images were assembled using Adobe Photoshop CS6 (Adobe Systems Inc.).
Immunohistochemistry
Immunohistochemical analysis was performed as previously described (Hong et al. 2016) . Sections (4-μm thick) were deparaffinized with xylene and rehydrated in an alcohol gradient (100% ethanol, 95% ethanol, 90% ethanol, 80% ethanol, 70% ethanol and distilled water) , and then treated with 3% hydrogen peroxide (H 2 O 2 ) to block endogenous peroxidase for 15 min at room temperature. After rinsing with distilled water, sections were submitted to heat-induced epitope retrieval by treatment in 0.01 M sodium citrate buffer (pH 6.0) in a microwave oven at 750 W for 15 min (thrice for 5 min each) (Krenacs et al. 2010) . Afterward, sections were cooled for 30 min at room temperature and rinsed thrice in PBS, 5 min each. The sections were blocked with 5% bovine serum albumin in PBS for 30 min in a humid chamber at room temperature. The sections were incubated with antibodies at 4°C overnight, rinsed and then incubated with secondary antibody for 30 min. Specific information on antibodies was noted in Supplementary Table 1 (see section on supplementary data given at the end of this article). Following immunostaining, sections were counterstained with hematoxylin and mounted. For each sample, a negative control (NC) was performed by replacing the primary antibody with corresponding nonspecific immunoglobulin G (IgG). All sections were stained by immunohistochemistry for each antibody under the same conditions. Images were taken by an Olympus microscope BX-53 with a digital camera DP26 (Olympus). Photographic images were assembled using Adobe Photoshop CS6 (Adobe Systems Inc.). In order to quantify the immunohistochemical staining intensity, mean integrated optical density (IOD) was calculated using ImagePro Plus 6.0 software (Media Cybernetics, Silver Spring, USA) as described previously (Hong et al. 2014) . For each gilt, 3 uterine/placental units were studied as individual samples.
Co-immunoprecipitation (Co-IP)
Porcine placental tissues obtained on day 26 of gestation were lysed in cold RIPA lysis buffer (Beyotime Biotechnology, Shanghai, China) with protease inhibitors (1 mM PMSF, 5 mM NaVO 4 , 10 μg/mL leupeptin and 10 μg/mL aprotinin) and then incubated on ice for 20 min. The lysates were centrifuged (18000 g, 30 min, 4°C) and the supernatant was collected. Anti-E-cadherin (Abcam, Rabbit monoclonal, ab40772) and normal rabbit IgG were crosslinked by Dynabeads Protein A (Thermo 10001D) at 4°C overnight. The supernatant was incubated with antibody-conjugated Dynabeads and IgG-conjugated Dynabeads, and rotated for 12 h at 4°C. The protein-antibody complexes were collected by magnet and washed for 6 times with IP buffer. After being heated at 70°C for 10 min, the immunoprecipitated complexes were released for the western blot analysis.
Western blot
Proteins were mixed equally with SDS loading buffer and resolved on SDS-PAGE gel. Proteins on the gel were then transferred onto PVDF membranes (Roche). After blocking with 5% milk protein in TBST for 3 h, the membranes were incubated with E-cadherin (mouse monoclonal, 60335-1-Ig, Proteintech) and β-catenin (mouse monoclonal, 66379-1-Ig, Proteintech) antibodies at 4°C overnight. Then, the blots were washed thrice with TBST, and incubated for 2 h with HRP-conjugated secondary antibodies. Immunolabeling was detected by ECL (Pierce) after washing with TBST.
Electrophoretic mobility shift assays (EMSA)
It has been demonstrated that ZEB2 downregulates the E-cadherin expression by binding to E2-boxes which were the conserved regulatory elements in the E-cadherin promoter region (Comijn et al. 2001 , Van Aken et al. 2001 . Thus, we designed the oligonucleotides containing E2-box element based on porcine E-cadherin sequence (accession No: NC_010448). The sequences corresponding to these oligonucleotides are shown in Fig. 7 . The oligonucleotides were synthesized commercially (Sangon, Shanghai). By using NE-PER nuclear and cytoplasmic extraction reagent kit (ThermoFisher), nuclear extracts were prepared from placental tissues of Meishan pigs obtained on day 95 of gestation. By using LightShift chemiluminescent EMSA kit (ThermoFisher), EMSA were performed with 3 µg placental nuclear extracts, 20 fmol biotin-labeled double-stranded oligonucleotides, 10× binding buffer and 1 µg poly (dI-dC). For supershift assays, 1 μg ZEB2 antibody (Abcam) was added to each reaction. The protein-DNA complexes were resolved by electrophoresis in 5.5% polyacrylamide gels, and then transferred to a nylon membrane. The dried nylon was scanned with GE ImageQuant LAS4000 mini (GE Healthcare).
Statistical analysis
Immunohistochemical staining intensity data were analyzed using PROC MIXED in SAS (Version 8.1; SAS Institute, Inc., Cary, NC, USA). The model used included the fixed effects of gestational day (gestational days 26, 50 and 95), breed (Yorkshire and Meishan) and breed × gestational day interaction. Gilt within breed × gestational day was included as a random effect. A significance level of P < 0.05 was considered significant.
Results
Histological examination of the placental trophoblast cells in pigs
The height and width of the trophoblast cells at different developmental stages of pig placenta were measured and the data are listed in Table 1 . On day 26 of gestation, the trophoblast cells were similar in shape (Yorkshire: 17.93 × 8.38 μm; Meishan: 16.40 × 8.26 μm) ( Fig. 1 and Table 1 ). On day 50 of gestation, the trophoblast cells at different locations of the placental folds showed morphological differences. At the base of the placental folds (oriented with fetal side of the placenta as 'up'), the trophoblast cells remained cuboidal in shape (Yorkshire: 12.75 × 6.19 μm; Meishan: 12.82 × 6.29 μm). However, at the top of the placental folds, the trophoblast cells became high columnar in shape (Yorkshire, 42.08 × 4.62 μm; Meishan, 40.37 × 4.47 μm) ( Fig. 1 and Table 1 ). Thus, the trophoblast cells changed their size and shape from day 26 to 50 of gestation but there were no obvious differences in cell size and shape between the two pig breeds.
On day 95 of gestation, the trophoblast cellular morphology was different between the two breeds. In Yorkshire pigs, the trophoblast cells located at the top of the placental folds still remained columnar (22.54 × 4.79 μm) although the cell height was reduced. In contrast, the trophoblast cells located at the base of the folds became cuboidal in shape (9.56 × 9.38 μm) ( Fig. 1 and Table 1 ). However, in Meishan pigs, the trophoblast cells located both at the top and the base of the placental folds were cuboidal in shape ( Fig. 1 and Table 1 ). In addition, the cuboidal trophoblast cells located at the base of the placental folds in Meishan pigs were larger in size, when compared with those in Yorkshire pigs (Yorkshire: 9.56 × 9.38 μm; Meishan: 15.98 × 13.88 μm) ( Fig. 1 and Table 1 ). Taken together, these findings indicate that the shape and size of trophoblast cells changed during placental development in pigs.
The expression patterns of E-cadherin and β-catenin in trophoblast cells during placental development in pigs
On days 26 and 50 of gestation, the expression pattern of E-cadherin in trophoblast cells was similar in Yorkshire and Meishan pigs ( Fig. 2A and C) . On day 26, E-cadherin was expressed uniformly in trophoblast cells and the positive signals were localized at the cell membranes. On day 50, positive staining signal of E-cadherin was detected in the columnar trophoblast cells located at the top of the placental folds but rare or undetectable in cuboidal trophoblast cells at the base and side of the placental folds. On day 95 of gestation, the expression pattern of E-cadherin was different between the two breeds ( Fig. 2A and C) . In Yorkshire pigs, the columnar trophoblast cells located at the top of the placental folds still had the intense staining of E-cadherin, whereas the cuboidal trophoblast cells located at the base and side of the placental folds showed very weak staining. However, in Meishan pigs on day 95 of gestation, all trophoblast cells which were cuboidal in shape did not express E-cadherin. β-Catenin can link E-cadherin in the adherent junction. We found that the positive staining signal for β-catenin was also localized at the cell membranes. In addition, the expression pattern of β-catenin was exactly the same as that of E-cadherin on days 26, 50 and 95 of gestation in the two breeds ( Fig. 2B and D) . Thus, E-cadherin and β-catenin were co-expressed in trophoblast cells and changes in their expression patterns were associated with changes in trophoblast cell shape during placental development in pigs.
Subsequently, we investigated whether E-cadherin interacts with β-catenin in trophoblast cells in pigs. Due to our findings in this study that E-cadherin and β-catenin were expressed exclusively by trophoblast cells in porcine placentas on day 26 of gestation ( Fig. 2) , co-IP assays were performed using lysate from placental tissues obtained on day 26 of gestation.
The results indicate that the interaction between E-cadherin and β-catenin in porcine trophoblast cells was detected (Fig. 3) .
Trophoblast cell PAS staining
PAS staining was performed for detecting the presence of the carbohydrate macromolecules (glycogen, glycoprotein and proteoglycans) in the trophoblast cells.
On day 26 of gestation, cytoplasmic granules that were strongly stained with PAS accumulated at the basal pole of the trophoblast cells in both Yorkshire and Meishan pigs (Fig. 4) . On day 50 of gestation, positive PAS staining was seen in all the trophoblast cells in the two breeds, but the staining density was much stronger in the trophoblast cells located at the top of the folds than in those at the base. On day 95 of gestation, the PAS staining pattern in Yorkshire pigs was similar with that on day 50 of gestation. In contrast, in Meishan pigs, very few PAS positive granules were found in the trophoblast cells located either at the top or at base of the folds (Fig. 4) . These findings suggest that the secretion of carbohydrate macromolecules may be enhanced in the trophoblast cells which were columnar and E-cadherin-positive.
Differential expression patterns of transcription factors ZEB1 and ZEB2 in trophoblast cells during placental development in pigs
Although positive staining for ZEB1 was observed in a few stromal cells, no positive staining was seen in any trophoblast cells from either breed during the three stages of gestation (Fig. 5A ). However, positive signals for ZEB2 were detected in the nuclei of E-cadherin-negative trophoblast cells (Fig. 5B) . On day 26 of gestation, few positive ZEB2 signals were detected in trophoblast cells. On day 50, a few positive ZEB2 signals were detected in the cuboidal trophoblast cells which were located at the base and sides, but not at the top, of the placental folds in the two breeds. On day 95 of gestation, the expression pattern of ZEB2 was different between the two breeds ( Fig. 5B and C) . In Yorkshire pigs, only the cuboidal trophoblast cells located at the base and sides of the placental folds had positive staining for ZEB2. However, in Meishan pigs, all the trophoblast cells which were cuboidal in shape expressed ZEB2 on day 95 of gestation. These results indicate that ZEB2 was strongly expressed by cuboidal trophoblast cells and changes in its expression pattern were associated with changes in trophoblast cell shape during placental development in pigs.
Relationship between expression patterns of ZEB2 and E-cadherin in porcine trophoblast cells
We performed further investigation to demonstrate the relationship between expression patterns of ZEB2 and E-cadherin in trophoblast cells during gestation. Because primary antibodies for ZEB2 and E-cadherin raised in different species were not available commercially, co-immunostaining procedure cannot be carried out in this study. Therefore, immunohistochemistry for ZEB2 and E-cadherin on serial tissue sections was performed instead. The results showed an inverse correlation between the expression patterns of ZEB2 and E-cadherin: the expression of E-cadherin was detected in those trophoblast cells which were ZEB2-negative but lost or significantly reduced in those trophoblast cells which were ZEB2-positive (Fig. 6 ). Previous studies indicated that the transcription factor ZEB2 can suppress E-cadherin expression by binding to the E-box elements in the E-cadherin promoter (Comijn et al. 2001) . Therefore, we investigated whether ZEB2 can bind to E-cadherin promoter in porcine trophoblast cells. Due to our findings in this study that ZEB2 was strongly expressed in the nuclei of all trophoblast cells in Meishan placentas on day 95 of gestation (Figs 5 and 6), EMSA were carried out with nuclear extracts from Meishan placental tissues obtained on day 95 of gestation. A single protein-DNA shift band was present in EMSA, indicating that the oligonucleotide containing E2-box element in porcine E-cadherin promoter bound nuclear proteins (Fig. 7A) . Furthermore, the addition of antibody ZEB2 resulted in a supershift band in addition to the protein-DNA shift band (Fig. 7B ). These data confirm that the transcription factor ZEB2 in the nuclear protein complex was bound to the E2-box site of the porcine E-cadherin promoter. Taken together, our findings indicate that the expression of E-cadherin in trophoblast cells in porcine placental folds might be regulated by the transcription factor ZEB2.
The expression patterns of EMT marker proteins in trophoblast cells during gestation in Yorkshire and Meishan pigs
As the loss of E-cadherin in epithelial cell is the most important cause of EMT, to determine whether trophoblast cells underwent EMT during gestation, we investigated the expression patterns of an epithelial marker (cytokeratin) and a mesenchymal marker (vimentin), respectively, in uteroplacental interface sections from days 26, 50 and 95 of gestation in Yorkshire and Meishan pigs. The results showed that in contrast to stromal cells, which were cytokeratinnegative and vimentin-positive, all the trophoblast cells were positive for cytokeratin and negative for vimentin (Fig. 8) . These results suggest that all the trophoblast cells did not undergo EMT but still preserved epithelial features during placental development.
Discussion
In this study, we found that all the trophoblast cells were of similar shape in the two pig breeds on day 26 of gestation (the initiation stage of placental folds development (Dantzer & Leiser 1994 , Liu et al. 2015 ). However, as the epithelial bilayer developed, two types of trophoblast cells which differed in shape appeared at the top and base of the placental folds: the trophoblast cells located at the top of the placental folds were high columnar, while those cells at the base of the placental folds were cuboidal in shape. These findings are consistent with the previous observations obtained from the western pig breeds (Friess et al. 1980 , Vallet et al. 2013 . However, in this study, differences in morphology of trophoblast cells between Yorkshire and Meishan pigs were observed during late gestation. In Yorkshire pigs, two different types of trophoblast cell were still present at the top and base of the placental folds on day 95 of gestation, while in Meishan pigs, all trophoblast cells were cuboidal in shape. Changes in the expression of E-cadherin are associated with alterations of adhesion strength between epithelial cells (Hay 1995 , Daikoku et al. 2011 . Our results
Figure 6
Immunohistochemical analysis of ZEB2 and E-cadherin at the maternal-fetal interface in Yorkshire and Meishan pigs during gestation on serial tissue sections. In trophoblast cells, the distribution patterns of ZEB2 staining were exactly opposite to the distribution patterns of E-cadherin staining during gestation in the two breeds. Tr, trophoblast; LE, endometrial luminal epithelium; GE, glandular epithelium; d, day of gestation; scale bars = 40 μm. showed that E-cadherin was strongly expressed by the high columnar trophoblast cells but only weakly expressed by cuboidal trophoblast cells in the placental folds. The adhesive function of E-cadherin in the adherent junction crucially depends on the association with β-catenin which links the cytoplasmic terminal tail of E-cadherin to the actin cytoskeleton (Auersperg et al. 1999 , Leckband & Sivasankar 2012 . Consistent with the expression pattern of E-cadherin, we found that the high columnar trophoblast cells expressed the membranous β-catenin without detectable nuclear β-catenin; however, the cuboidal trophoblast cells were negative for both membranous and nuclear β-catenin expressions. Furthermore, data from our co-IP assays confirmed that E-cadherin interacts with β-catenin in porcine trophoblast cells, suggesting the formation of E-cadherin-β-catenin complex in these E-cadherinand β-catenin-positive trophoblast cells. Therefore, the expression of the E-cadherin-β-catenin complex is closely associated with the morphological features of trophoblast cells in pigs during gestation, suggesting a role of E-cadherin in regulating the trophoblast cell shape changes as the placental development in pigs.
E-cadherin-β-catenin complex is necessary for the maintenance of normal intercellular adhesion and epithelial phenotype, and the decreased expression of E-cadherin-β-catenin complex can lead to increased cell proliferation and invasive abilities (Ciriello et al. 2015 , Pereira et al. 2016 . Previously, we found that the proliferation marker Ki67 and heparanase, an enzyme which degrades the extracellular matrix and basement membrane, were strongly expressed in the cuboidal trophoblast cells (Miles et al. 2009 , Hong et al. 2014 , Vallet et al. 2014 . Therefore, we propose that markedly downregulated expression of E-cadherin and β-catenin in the cuboidal trophoblast cells may cause reduced cell-cell adhesion between these cells, resulting in an increase in proliferation of the cuboidal trophoblast cells. On the other hand, the results of PAS staining revealed much more intense staining in the E-cadherin-β-catenin-positive high columnar trophoblast cells than in the cuboidal trophoblast cells. Taken together, our findings support the idea that the cuboidal trophoblast cells, which expressed weak E-cadherin-β-catenin complex, may have a role in promoting the development of the placenta, while the E-cadherin-β-catenin-positive high columnar trophoblast cells may participate in macromolecular transport across the placenta barrier (Friess et al. 1980 , Vallet et al. 2013 , 2014 , Hong et al. 2014 . On day 95 of gestation, the size of the cuboidal trophoblast cells of the placenta folds in Yorkshire pigs was much smaller than those in Meishan pigs (Table 1) . Previous investigations on placental morphology of western pig breeds indicated that the cuboidal trophoblast cells located at the base of the placenta folds mainly contribute to the exchange of the gaseous and nutrients that could be diffusible through the cell membrane (Friess et al. 1980) . It has been demonstrated that as the length of the side of a cube decreases, the surface area:volume ratio increases; consequently, the rate of the diffusible substance exchange increases (Syková & Nicholson 2008) . Thus, the cuboidal trophoblast cells with smaller size may be able to take up and eliminate the diffusible substance efficiently during late gestation in Yorkshire pigs compared with Meishan pigs. Combined with the previous observations that the trophoblast cells in Meishan pigs have increased the expression of the nutrient-specific transporters during late gestation (Hong et al. 2016) , it seems like the two pig breeds may have their preferential mechanisms to influence the efficiency of nutrient transfer across the placenta barrier during late gestation.
Based on our findings that changes in shape of the trophoblast cells are mediated by E-cadherin-β-catenin complex, we carried out further investigations to reveal the regulators involved in the E-cadherin expression. We showed that although ZEB1 was not expressed by the two types of trophoblast cells, the expression pattern of ZEB2 was inversely correlated with that of E-cadherin in the two types of trophoblast cell during gestation in the two breeds, as illustrated in our summary (Fig. 9) . The results of immunohistochemistry for ZEB2 and E-cadherin on the serial tissue sections confirmed that in contrast to E-cadherin that was expressed by the columnar trophoblast cells, ZEB2 was predominately localized in the nucleus of the cuboidal trophoblast cells but undetectable in the columnar trophoblast cells (Fig. 6 ). In addition, EMSA results showed that ZEB2 can bind to the E-cadherin promoter in pig placenta. These findings raise the possibility that the expression of E-cadherin in porcine trophoblast cell during placental development may be regulated by the transcription factor ZEB2, but not ZEB1. Loss of the cell surface E-cadherin expression by ZEB2 regulation of epithelial cells is usually associated with a fundamental EMT event (Korpal et al. 2008 , Schmalhofer et al. 2009 ), a process by which epithelial cells lose their cell adhesion capacities and acquire a mesenchymal phenotype with higher migratory and invasive properties (Thiery et al. 2009 ). However, in this study, the decreased E-cadherin expression did not induce the expression of the mesenchymal marker vimentin; in contrast, the E-cadherin-negative cuboidal trophoblast cells expressed the epithelial marker, cytokeratin. Taken together, our findings suggest that the ZEB2 may only downregulate the expression of cell surface E-cadherin in trophoblast cells but did not cause a full EMT.
We found that the morphological features of trophoblast cells (including cell shape, expression patterns of E-cadherin-β-catenin complex and ZEB2) in Meishan pigs were different from those in Yorkshire pigs during late gestation. Previous studies indicate that porcine placenta size is influenced by litter size and fetus weight at late gestation (Vallet & Freking 2007) . In this study, the number of fetuses recovered was similar in the Yorkshire gilts but varied greatly in the Meishan gilts from which the samples of uteroplacental interface were collected during late gestation. However, the morphological features of trophoblast cells were the same within these Meishan pigs. In addition, although weight of fetuses recovered was also varied either in the Yorkshire gilts or in the Meishan gilts, no association was observed between the morphological features of trophoblast cells and fetus weight. These suggest that changes in the morphological features of trophoblast cells were independent of the level of uterine crowding and fetus weight during late gestation. Further investigations would be needed to illustrate whether the different morphological features of trophoblast cells in the two breeds could be a cause resulting in the breed difference in placental efficiency.
Collectively, during placental development in pigs, trophoblast cells undergo morphological remodeling to differentiate into two different cell types, high columnar and cuboidal trophoblast cells, respectively. This study provided additional evidence of the specific role of the two cell types in the placental development. In addition, as illustrated in Fig. 9 , we conclude that (1) the E-cadherin/β-catenin complex plays an important role in mediating the morphological remodeling of porcine trophoblast cells and (2) the transcription factor ZEB2 might participate in the repression of E-cadherin expression but does not induce a full EMT.
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